Although front-line chemotherapy regimens containing cytarabine induce complete remission in 65-80% of patients with newly diagnosed acute myeloid leukemia (AML), persistence of disease in a substantial proportion of patients leads to disease recurrence. A recent report showed positive correlation between the expression of FKBP5, a 51 kDa protein with peptidylpropyl-isomerase activity and cellular sensitivity to cytarabine. 1 Genetic variants in FKBP5 have been studied extensively for association with depression, and mood disorders Although the role of FKBP5 in steroid signaling through heat shock protein 90 has been well established, 2 recent reports have shown an additional function as a negative regulator of the AKT signaling. [3] [4] [5] FKBP5 promotes the dephosphorylation of AKTSer473 by acting as a scaffolding protein for AKT and PH-domain leucine-rich repeat protein phosphatase (PHLPP). This decreased AKT phosphorylation can contribute to increased cytotoxicity by enhancing the apoptosis in response to chemotherapeutic agents such as cytarabine. [3] [4] [5] Thus, interpatient variation in FKBP5 expression/activity due to genetic polymorphisms could influence the response to chemotherapy, hence in this study we determined the clinical significance of FKBP5 single-nucleotide polymorphisms (SNPs) in pediatric AML patients treated with cytarabine-containing chemotherapy. 6 Patient population included 232 subjects (o22 years) treated on St Jude AML02 clinical trial (clinicaltrials.gov: NCT00136084). Details of the study design and clinical outcome are described elsewhere. 6 At diagnosis, patients were provisionally classified as having low-risk AML if their leukemic cells had t(8;21)/AML1-ETO, inv(16)/CBFb-MHY11 or t(9;11)/ MLL-AF9. High-risk cases included those with À7,FLT3-ITD, t(6;9), megakaryoblastic leukemia, treatment-related AML or AML arising from myelodysplastic syndrome. All other patients were provisionally classified as having standard risk AML. Patients were randomized to receive the first induction therapy containing high or low dose cytarabine plus daunorubicin and etoposide as described previously. 6 Subsequent therapy was adapted according to the presenting features and minimal residual disease (MRD) as assessed by flow cytometry. The in vitro cytarabine sensitivity of leukemic cells was determined in 76 patients by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cytotoxicity assays. Briefly, bone marrow was obtained at diagnosis, and mononuclear cells were isolated using Ficoll-Hypaque density-gradient centrifugation and resuspended in modified RPMI-1640 (Invitrogen, Grand Island, NY, USA) medium as previously described. 7 If necessary, samples were further enriched to achieve 480% blasts by the use of magnetic cell sorting (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). The cells were treated with varying concentrations of cytarabine (range 0.002-2.5 ng/ml) to determine the lethal concentration 50 (LC 50 ) value.
We genotyped 25 SNPs within FKBP5 (selected from the literature and HAPMAP database) in DNA from 187 AML samples (that were available). Outcome measures, such as event-free survival (EFS), overall survival (OS), relapse-and treatment-related death, were not significantly different between genotyped versus non-genotyped group (P40.1 for all). In all, 4 of 25 FKBP5 SNPs were not present in the AML patient cohort. Linkage analysis using Haploview software identified two linkage disequilibrium (LD) blocks: LD block-1 with five SNPs (rs9296158, rs9368878, rs1360780, rs737054 and rs4713902) and LD block-2 with six SNPs (rs6912833, rs9394309, rs9380525, rs9470080, rs7763535 and rs4713916). The remaining 10 SNPs were not in LD with any other SNP. All the SNPs except rs1043805 were in Hardy-Weinberg equilibrium.
The association of the number of minor alleles with in vitro ara-C LC 50 and day 22 MRD levels was measured by rank-order correlation, and the P-values were determined by 10 000 permutations. The analysis of day 22 MRD was stratified by treatment arm. EFS and OS were defined as described previously. The Kaplan-Meier method was used to estimate EFS and OS. Cox proportional hazard regression models were used to explore the association of genotype with EFS and OS univariately and while adjusting for other variables previously selected by statistical criteria and clinical knowledge. Fisher's exact test was used to compare genotypes across clinically defined groups and selfreported race groups. The method of Benjamini and Hochberg was used to compute false discovery rate (FDR)-adjusted P-values (reported with the letter q) for the full-cohort univariate analyses screening association of SNPs with EFS, OS, LC50 and MRD. 8 FKBP5 SNPs were screened for the association with EFS (n ¼ 187), OS (n ¼ 187), response to induction I as characterized by day 22 MRD levels, (n ¼ 176) and in vitro diagnostic blast ara-C LC 50 (n ¼ 68), the significant associations are summarized in Table 1 . The most interesting FKBP5 polymorphism was Table 1 Association of FKBP5 SNPs with EFS, OS, day 22 MRD and in vitro ara-C cytotoxicity to ara-C in pediatric AML patients
FKBP5 SNPs
Allele frequency in AML cohort intronic SNP rs3798346 (A4G). The variant G allele was associated with improvements in EFS (P ¼ 0.0094, hazard ratio ¼ 0.513, 95% confidence interval (95% CI) ¼ 0.31-0.85, Figure 1a ) and OS (P ¼ 0.037, hazard ratio ¼ 0.499, 95% CI ¼ 0.27-0.91, Figure 1b ) in univariate analysis. Similar results were obtained in the multivariable analyses that accounted for all factors selected on the basis of statistical criteria and the literature in our previous report 6 ( Table 2 ). The variant allele was significantly associated with reduction in the cumulative incidence of relapse (P ¼ 0.0097, hazard ratio ¼ 0.37, 95% CI ¼ 0.18-0.79) but did not show a significant association with treatment-related mortality (P ¼ 0.6, hazard ratio ¼ 0.7, 95% CI ¼ 0.18-2.77). The variant allele showed a nonsignificant association with in vitro ara-C cytotoxicity, day 22 MRD levels, white blood cell counts, provisional risk and FLT3 status (P40.1 each). The genotype frequencies showed some evidence Abbreviations: CI, confidence interval; EFS, event-free survival; ITD, internal tandem duplication; MRD, minimal residual disease; OS, overall survival; SNPs, single-nucleotide polymorphisms.
Letters to the Editor of departure from Hardy-Weinberg equilibrium (P ¼ 0.06), because the variant G allele is significantly more prevalent among Whites than non-Whites with the allele frequency of 0.24 versus 0.073, respectively (P ¼ 0.0003). Still, the observed associations retained significance in analyses restricted only to Whites. The G allele was associated with better EFS and OS in univariate analyses (P ¼ 0.0173 and 0.035, respectively, data not shown) and in multivariable analyses (P ¼ 0.023 and 0.005, respectively, data not shown).
We also observed that the variant A allele of FKBP5 SNP rs7755289 (T4A; intron 8) was significantly associated with worse EFS (P ¼ 0.014, hazard ratio ¼ 3.193, 95% CI ¼ 1.258-8.104, Figure 1c ) and OS (P ¼ 0.0036, hazard ratio ¼ 4.846, 95% CI ¼ 1.68-14, Figure 1d ). In addition, A allele was associated with increased day 22 MRD (P ¼ 0.017), increased cumulative incidence of relapse (P ¼ 0.045, hazard ratio ¼ 3.4, 95% CI ¼ 1.03-11.22) and an increased cumulative incidence of treatment-related mortality (P ¼ 0.012, hazard ratio ¼ 5.57, 95% CI ¼ 1.44-21.47). However, as this SNP occurred with the allele frequency of only B0.2, the low sample size restricted us from performing further analysis. Although the above mentioned SNPs were the most interesting SNPs, we also observed association of SNP rs16878591 (P ¼ 0.011) with day 22 MRD levels and SNPs within LD block-2 with in vitro ara-C LC 50 values (P ¼ 0.03; Table 1 ).
In previous reports, FKBP5 expression has been shown to positively influence response to cytarabine and gemcitabine. More recently, FKBP5 has been identified as scaffolding protein that facilitates PHLPP-mediated dephosphorylation of AKT-Ser473, thus indicating that higher expression of FKBP5 might contribute to enhanced chemosensitivity. [3] [4] [5] siRNAmediated FKBP5 knockdown increases the resistance to cytarabine and other agents as etoposide, paclitaxel and doxetaxel. 1, [3] [4] [5] Thus, FKBP5 SNPs may also be associated with response to other agents used in combination with cytarabine in AML patients. In conclusion, our preliminary results suggest that the FKBP5 polymorphisms mentioned above may also be relevant for AML treatment response. These results should be confirmed with functional studies and independent clinical studies. Identification of pharmacogenetic markers of response, such as FKBP5 SNP such as rs3798346, might help in further understanding inter-patient variation in response to chemotherapy.
CBL mutation in childhood therapy-related leukemia Therapy-related leukemia and myelodysplastic syndrome (t-Leuk/MDS) are mainly caused by topoisomerase II inhibitors that cause acute myeloid leukemia (AML) with an 11q23 translocation or by alkylating agents that induce MDS/AML with an AML1 mutation and monosomy 7.
1,2 Two types of t-Leuk/MDS can be distinguished, one of which has a long latency (X5-7 years) and is seen following alkylating agents, frequently with an preleukemic phase. 1 The other has a short latency period (1-3 years), no preleukemic phase, and is strongly associated with the administration of topoisomerase II inhibitors and chromosomal abnormalities involving 11q23 translocation/MLL rearrangement (MLL-R). 2 Repair of etoposide (VP-16)-stabilized DNA topoisomerase II covalent complexes may initiate MLL-R observed in patients. 3 In this regard, recent reports of somatic mutations of the CBL proto-oncogene in myeloid neoplasms are intriguing, because
